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Bioinspired Hair-Cell Sensors
Benjamin T. Dickinson ∗, John R. Singler †, and Belinda A. Batten
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Biologists hypothesize that thousands of micro-scale hairs found on bat wings function
as a network of air-flow sensors as part of a biological feedback flow control loop. In this
work, we investigate hair-cell sensors as a means of detecting flow features in an unsteady
separating flow over a cylinder. Individual hair-cell sensors were modeled using an EulerBernoulli beam equation forced by the fluid flow. When multiple sensor simulations are
combined into an array of hair-cells, the response is shown to detect the onset and span
of flow reversal, the upstream movement of the point of zero wall shear-stress, and the
formation and growth of eddies near the wall of a cylinder. A linear algebraic hair-cell
model, written as a function of the flow velocity, is also derived and shown to capture the
same features as the hair-cell array simulation.

Nomenclature
ρs
A
d
r(t, ξ)
ξ
γ
E
I
g(t, ξ)
L
u(t, x, y)
v(t, x, y)
p(t, x, y)
un (t, ξ)
Cf
ρa
Re`
ν
M (t)
λ
Re
Subscripts
t, l

Hair sensor density, kg/m3
Hair sensor cross-sectional area, m2
Diameter of hair sensor, m
Deflection at time t and position ξ, m
Position along hair, m
Kelvin-Voigt material damping coefficient, N·s/m2
Modulus of Elasticity, Pa
Moment of Inertia, m4
Load intensity at time t and position ξ, N/m
Length of hair, m
Horizontal fluid velocity component, m/s
Vertical fluid velocity component, m/s
Pressure, Pa
Fluid velocity normal to length of sensor, m/s
Drag coefficient for cylinder in crossflow
Density of air, kg/m3
Local Reynolds number on hair sensor
Kinematic viscosity, m2 /s
Moment at base of hair sensor at time t, N·m
Inlet acceleration parameter, s−1
Reynolds number in fluid problem
Partial derivative with respect to time and position on sensor, respectively
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I.

Introduction

Numerous reconnaissance and surveillance applications exist for autonomous micro-air-vehicles (MAV).
However, the utility of the MAV is limited due in part to poor resistance to adverse pressure gradients and
the formation of laminar separation bubbles that occur in their low-Reynolds number flight regimes. To
mitigate the effects of such destabilizing flow phenomena, some researchers have sought to design closed-loop
flow controllers, which when implemented on an MAV will require novel flow sensors due to payload and
power limitations. In this work, we investigate a means of flow detection by drawing biological inspiration
from the extraordinarily complex and extremely maneuverable flight of the bat.
Biologists have recently provided new evidence to suggest that thousands of hair-cells (see Figure 1),
scattered across the bat wing surface are actually a distributed sensing network that provides boundary
layer feedback as part of biological flow control loop.1
The hair-cells shown in Figure 1 belong to the

Figure 1. Scanning electron micrograph of hair cells on the wing of the grey-headed flying-fox (Reproduced by permission of CSIRO PUBLISHING, from the Australian Journal of Zoology vol. 42(2): 215-231 (GV Crowley and LS Hall).
Copyright CSIRO 1994 .http://www.publish.csiro.au/nid/91/issue/2300.htm)

grey-headed flying-fox and are thought to be air-flow sensors.2 The hairs are on the order of 1 mm tall,
and protrude from dome structures which contain touch-sensitive cells. Apart from the bat, hair-cell arrays
are also found in cartilaginous and bony fishes, where they are implicated in prey detection and tracking,
collective schooling behavior, and maintaining position and orientation in strong currents.3 Interestingly,
hair-cells are also thought to play a role in boundary layer detection for locomotion control in fish. Other
examples of hair cell use include movement sensitive touch detection in spiders4 and sound vibration detection
in mammals.
For controller implementation, new micro-electro-mechanical manufacturing technology is changing the
hair-cell from a biological curiosity into an available sensor. Inspired by the biological hair-cell, the Micro
Nano Technology Research (MNTR) groupa has designed, manufactured, and tested high sensitivity artificial
hair-cell (AHC) sensors.5–7 One AHC design is composed of an all-polymer hair attached to a force sensitive
resistor base, as shown in Figure 2. Additionally, the AHC may be manufactured as small as 10 µm in
diameter.b
The design of a model-based controller with an array of hair-cell sensors will require an accurate model
of the sensor array. In our previous work,8 a physical model for an individual AHC was developed , based
on those manufactured by the MNTR group.6 Here, we will investigate the response of an AHC array to
unsteady flow separation and derive a linear algebraic model for a hair-cell array for application in linear
control designs.
In the next Section, we develop our model of the hair-cell sensor and state its assumptions. The flow and
sensor array problem statement is presented in Section III, followed by the results of the flow and hair-cell
simulations in Section IV. In Section V, a linear sensor model is derived and its response is compared to
our sensor array simulations. Finally, we summarize our findings and outline avenues of future research in
Section VI.
a Formerly
b Private

at the University of Illinois at Urbana Champaign (UIUC), now at Northwestern University
communication with Chang Liu, Northwestern University
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Figure 2. Photo of polymer artificial hair cell sensor (left) and force sensitive resistor (FSR) at base of polymer AHC
(right). Figures courtesy of C. Liu and group, MNTR lab, Northwestern University

II.

Hair-Cell Sensor Model

When placed in an air flow, the biological hair-cell is subject to a net drag force that acts normal to its
length, causing the output of bioelectrical signals from the hair-cell dome. With similar function, artificial
hair-cell (AHC) designs have integrated micro-electro-mechanical mechanisms in their base.5–7 In this work,
we take the sensor’s output as the bending moment at its base and note that future models of particular
AHC designs may require additional modeling of electromechanical mechanisms.
To describe the relationship between the external flow around a hair-cell and the resulting bending
moment, we use an Euler-Bernoulli beam equation coupled to a constitutive drag force equation. Viscoelastic
material damping is also included with the Kelvin-Voigt material model. This leads to the following partial
differential equation to describe the dynamics of each hair sensor
ρs Artt (t, ξ) + γIrtξξξξ (t, ξ) + EIrξξξξ (t, ξ) = g(t, ξ),

0 < ξ < L,

0 < t < T,

(1)

with boundary conditions
r(t, 0) = 0,
EIrξξ (t, L) + γIrtξξ (t, L) = 0,

rξ (t, 0) = 0,
EIrξξξ (t, L) + γIrtξξξ (t, L) = 0,

0 < t < T,

and initial condition
0 ≤ ξ ≤ L,

r(0, ξ) = r0 ,

where r(t, ξ) denotes the deflection of the hair at time t and position ξ, L is the hair’s length, d is its diameter,
ρs is the density of the hair-cell, A is its cross-sectional area, E is Young’s modulus of the hair material, I is
the moment of inertia, γ is the Kelvin-Voigt coefficient of material damping, and g(t, ξ) is the load intensity,
with units of force per unit length. Additionally, the subscripts (·)ξ and (·)t denote partial derivatives.
To express the load intensity, g(t, ξ), due to the flow we use the drag force equation
g(t, ξ) = sgn(un (t, ξ))

1
Cf (un ) ρa d un (t, ξ)2 ,
2

(2)

where un (t, ξ) is the fluid velocity field projected normal to the length of the hair, sgn(un ) accounts for the
direction of un (t, ξ), ρa is the density of air, and Cf is the drag coefficient for a cylinder in cross flow, which
was computed pointwise along the length of the sensor to account for the nonuniform velocity boundary
layer.
A relationship between Cf and un was determined by fitting a first-order polynomial to the logarithm of
empirical drag coefficients for an infinite cylinder versus Reynolds number as
ln Cf (un ) ≈ −0.67 ln Re` (un ) + 2.51

(3)

where the Re(un ) is a function of un (t, ξ) and based on the hair’s diameter as
Re` (un ) =

un (t, ξ) d
.
ν
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(4)

The drag coefficient equation (3) is an accurate approximation for Re` < 7.
Finally, the moment at the base of the hair-cell may be computed as
M (t) = EIrξξ (t, 0) + γIrtξξ (t, 0).

(5)

In constructing the hair-cell model (2), we neglect any forces on the sensor from flow phenomena on
its free end, such as recirculation at the tip. Additionally, we do not account for any flow effects at the
base of the sensor, such as a horseshoe vortex. By examining orders of magnitude in the Reynolds number
expression (4), we find that for air passing over a hair-cell with L = 1 mm and d = 10 µm (the dimensions
used herein), | un (t, ξ) | ∼ Re` . Thus, for un << 1, we have Re` << 1 and the flow over the sensor will be
very smooth. By limiting the sensor’s height to 1 mm, so that it remains submerged within the boundary
layer of our simulations, we ensure that un (t, ξ) << 1 m/s. Additionally, the immersion of the sensor in the
boundary layer may help ensure its sensitivity to the boundary layer flow while the hair’s protrusion into
the freestream may saturate its response.
We also assume the effect of the sensor on the surrounding flow field is negligible. Thus, we couple
the sensor to the flow through the load intensity, g(t, ξ), but do not couple the flow to the sensor in the
Navier-Stokes equations. Although, the true extent of the sensor’s effect on the flow is unknown, preliminary
wind tunnel experiments performed at Oregon State University with hair-cells mounted on the surface of
micro-air-vehicle wings have supported this assumption.c
Finally, we assume that the velocity of any point on the sensor is much less than the flow velocity acting
at that point, that is rξ (t, ξ) << un (t, ξ) for 0 ≤ ξ ≤ L and 0 ≤ t ≤ T . To this end, we do not compute a
relative normal flow velocity due to the sensor’s motion.
II.A.

Discretization of Sensor Model

In this section, we describe the discretization of the hair-cell sensor model (1) with the finite element method.
To compute approximate solutions, r(·, ·), we multiply the sensor model (1) by a test function φ(·) and
integrate by parts twice to look for solutions r(·, ·) ∈ L2 (0, T ; X(0, L)) such that
ρA (rtt , φ) + γI (rtξξ , φξξ ) + EI (rξξ , φξξ ) − (g , φ) = 0,

∀φ ∈ X(0, L),

(6)

RL
where X(0, L) = {φ ∈ H 2 (0, L) | φ(0), φξ (0) = 0}, and (f, g) = 0 f (x) g(x) dx denotes the standard L2
inner product. In the finite element discretization of (6), we look for approximate solutions rh ∈ X h such
that




h
h
h
ρA rtt
, φh + γI rtξξ
, φhξξ + EI rξξ
, φhξξ − g , φh = 0, ∀φh ∈ X h ,
(7)
where X h ⊂ X(0, L) is a finite dimensional space spanned by cubic B-splines on a grid defined over (0, L)
and
N
X
Ri (t)φi (ξ).
r(t, ξ) ≈ rh (t, ξ) =
i=1
h

Substituting r into the finite element form (7) gives the second-order system of ordinary differential equations (ODE)
M R00 + A R0 + C R = F (t)
(8)
to be solved for R = [R1 (t) . . . RN (t)], where (·)0 denotes a time derivative. The ODE system (8) was set
up as a system of first order equations in [R, R0 ] and solved using a backward differentiation formula (BDF)
method. Implementation details are presented in Section III.

III.

The Problem Definition

The flow problem described here follows the impulsively started cylinder problem described by Gresho
and Sani9 (pages 794-845). Figure 3 illustrates the artificial flow domain, Ω, for a cylinder in cross flow
used our simulations. Let u(t, x) = [u(t, x, y), v(t, x, y)] denote the two-dimensional velocity field and p(t, x)
c Private

communication with Dan Morse, Oregon State University
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Figure 3. Fluid domain for unsteady fluid separation simulations performed in this analysis.

denote the pressure field which describe the fluid dynamics in Ω, modeled by the nondimensional viscous,
incompressible Navier-Stokes equations
ut + u · ∇ u = ∇p +

1 2
∇ u
Re

(9)

∇·u=0
with the following initial and boundary conditions,
u = (1 − e−λ t ), v = 0
1 ∂u
=0
−p n +
Re ∂n
∂u
= 0, v = 0
∂n
u=0
u(0, x) = 0

on

Γi

× (0, T ],

on

Γo

× (0, T ],

on

Γt,b

× (0, T ],

on
in

Γc
Ω,

× (0, T ],

where the Reynolds number, Re, is
UD
,
(10)
ν
U is a maximum inlet velocity, D is the diameter of the cylinder, and ν is the kinematic viscosity of air.
The time dependent boundary condition at the inlet accelerates the uniform inlet flow to a maximum
velocity U according to the parameter λ. A “do nothing” boundary condition was selected at the outlet,10
symmetry boundary conditions were imposed on the top and bottom boundaries, and a no-slip condition
was defined on the surface of the cylinder.
To solve the fluid problem, we used the two-dimensional Freefem++ finite element software.11 We entered
the fluid properties of air at 300K with ρ = 1.161 kg/m3 and µ = 184.6 × 10−7 N · s/m2 . The cylinder
diameter, D, was 0.10 m and the steady inlet velocity value, U was selected as 0.03972 m/s for a Reynolds
number of 250. The inlet acceleration parameter was λ = −15, which accelerated the inlet uniform flow
from 0 to U m/s in approximately 0.5 seconds.
The Navier-Stokes equations were discretized with the Taylor-Hood pair and integrated with a constant
time step of 1/10000 seconds over the time interval 0 ≤ t ≤ 5 seconds with a first-order backward-step
method. The domain was meshed with an unstructured triangulation containing 30532 elements in the pressure grid, and 59943 elements in the velocity grid. Grid independence of the flow simulation was supported
after the above simulation was performed with approximately half the elements with identical results.
Following the fluid simulation above, the response of 179 equally spaced hair-cells on the surface of the
cylinder was simulated. Sensors were numbered 1 through 179 corresponding to their angular positions on
the cylinder, as illustrated in Figure 4.
The finite element discretization of the sensor model (see Section II.A) was implemented in MATLAB
with 64 equally spaced nodes (verified grid independent) along the sensor with cubic B-splines used for basis
and test functions. We integrated the resulting ODE system with MATLAB’s built in solver ode15s for
0 ≤ t ≤ 5 s. The ode15s package is a numerical differentiation formula routine with relative and absolute
error tolerances set to 10−3 and 10−6 , respectively.
Re =
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Figure 4. Illustration of hair-cell numbering scheme where 179 sensors were placed at n = 1, 2 . . . , 179 degrees measured
from the horizontal plane (sensors not shown to scale)

For each sensor, the load intensity, g(t, ξ), was determined before the sensor simulation, by computing
un (t, ξ) for each hair-cell at 100 equally spaced points for 0 < ξ ≤ L and 501 equally spaced points in time
for 0 ≤ t ≤ 5. During the integration of the discretized sensor model (8), g(t, ξ) was interpolated with cubic
splines to reconstruct the forcing vector, F (t), at each time step.
Material parameters of the sensor for density, ρs , and Young’s modulus, E, were chosen based on tabular
values for polymers.12 Table 1 lists the geometric and material parameters used herein. To our knowledge,
Table 1. Geometric and material parameters of the hair-cell sensor model (2)

Parameter

Value

L

1 × 10−3 m

d

1 × 10−5 m

ρs

1 × 103 kg/m3

E

1 × 108 N/m2

γ

1 × 108 N·s/m2

tabular data for Kelvin-Voigt material damping, γ, of polymers is not available. However, our experiments
with individual sensors show that while the deflection, r(t, ξ), and velocity, rξ (t, ξ), of the sensor are sensitive
to changes in γ; the moment at the base, M (t), gives virtually the same response for 1 × 105 ≤ γ ≤ 1 × 109 .
Additionally, the sensor output M (t) is shown to closely follow the tip load intensity g(t, L), for 1 × 105 ≤
γ ≤ 1 × 109 , which in this flow, generally represents the shape of g(t, ξ), at for 0 ≤ ξ ≤ L for all time.

IV.

Results and Discussion

In this section, we discuss the response of the hair-cell sensor array to the flow simulation described in
Section III. In the flow simulation, an initially quiescent flow field is accelerated across the cylinder from
the impulse-like inlet condition. Flow reverses direction on the downstream side of the cylinder in a initially
very thin region near the wall. As time increases, a counterclockwise rotating eddy forms near the wall and
convects downstream.
Figures 5, 6, 7, and 8 are nondimensional velocity magnitude plots of this simulation at t = 0.50, 2.00,
3.50, and 5.00 seconds, respectively. Figure 5 shows the boundary layer still fully attached at t = 0.50 s;
however, at t = 0.55 s, the onset of flow reversal is observed in a thin layer near the wall on the order of
1 × 10−4 meters thick. As time increases from 0.50 to 2.00 s, the span of reversed flow at the cylinder wall
increases to 66.5◦ (angles presented here are measured from the horizontal plane at the downstream side of
the cylinder, as shown in Figure 4). Flow reversal near the wall is associated with a clockwise rotating eddy
that forms during separation. The eddy is shown to convect downstream as time increases. At t = 5.00 s,
the reversed flow at the cylinder wall spans 66.8◦ .
We now present the 179 hair-cell sensor array response to the unsteady separating flow. Figure 9 is an
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Figure 5. Nondimensional velocity magnitude snapshot at t = 0.50 s with the flow attached everywhere

Figure 6. Nondimensional velocity magnitude snapshot at t = 2.00 s with reversed flow and point of zero wall shear
at 66.5◦

Figure 7. Nondimensional velocity magnitude snapshot at t = 3.50 s with reversed flow and point of zero wall shear
at 68.3◦

Figure 8. Nondimensional velocity magnitude snapshot at t = 5.00 s with reversed flow and point of zero wall shear
at 68.6◦
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Figure 9. Image plot of the 179 hair-cell sensor array response to the separating flow simulation plotted against sensor
position number and time showing

image plot of the moments M (t) for the sensor array versus sensor position and time. The vertical axis
contains the sensor position number with position 1 and 179 located at the top and bottom of the axis,
respectively. Thus, the top half of the plot represents the sensor array output on the downstream side of the
cylinder. To observe features in the array response to the unsteady separating flow, we limit the colorscale
map of moment values to −6.0 × 10−8 ≤ M (t) ≤ 3.0 × 10−8 mN·mm.
Close examination of the data in Figure 9 reveals the onset of reversed flow from the negative moment
values on the order of 10−11 mN·mm near sensor 5 at t = 0.59 s, indicating the formation of an eddy on
the downstream side of the cylinder. The reversed flow grows to span approximately 65 sensors at t = 2.00
s. Just beyond the 65th sensor, we observe an interface between positive and negative moments, which
corresponds to flow reversal or the instantaneous point of zero wall shear. The reader can verify that points
of zero wall shear-stress noted in the fluid simulation snapshots, Figures 5, 6, 7, and 8, are in agreement
with positive-negative moment interface, shown in the hair-cell array response, Figure 9.
The values of negative sensor moment come to a global minimum of −7.5 × 10−8 mN·mm at t = 2.45 s
at sensor 19, which is due to the growth of the clockwise eddy. As time increases, minimum sensor moment
increases and shifts toward sensor 1. At t = 5.00 s, the minimum sensor output is −3.5 × 10−8 mN·mm at
sensor 14. The increase in minimum negative moment with time is a result of the downstream convection of
the eddy.
Interestingly, at t = 2.5 s, a region of increasing moment near sensor 40 emerges and continues to increase
until the sensor outputs a positive moment of 1.6 × 10−10 mN·mm at t = 2.99 s. From sensor 42 at t = 2.99
s, a region of positive moment grows to span sensors 38 to 44 at t = 3.55 s where a local maximum moment
of 6.7 × 10−10 mN·mm by sensor 41 is observed. For t > 3.55 s, both the span and value of the positive
moment region decreases, until the last positive moment is output by sensor 40 at t = 4.59 s. Although,
not observed in the original postprocessing of the flow simulation, this region of positive moment indicates
a small counterclockwise eddy centered near sensor 41, as shown in Figure 10.
Figure 10 is a vector velocity plot superimposed on nondimensional velocity magnitude spanning 30◦
to 70◦ near the cylinder wall at t = 3.50 s. Here, we observe a region of counterclockwise recirculation
between the 35◦ and 50◦ mark. Upstream of the 50◦ mark, the flow is again reversed, which is part of the
large downstream clockwise eddy that manages to flow over the small clockwise eddy. At the 68◦ mark, the
reversed flow comes to the point of zero-shear and its trajectories are guided in the downstream direction.
In closing this section, we remark that the hair-cell sensor array has revealed features of the unsteady
separating flow with a surprising level of accuracy and detail. Both the onset and span of reversed flow
were detected and were consistent with observations made in the flow simulation. The interface between
positive and negative moments were also found to indicate points of zero wall shear stress. Additionally,
the downstream motion of the eddy was observed from the sensor array response. Finally, the sensor array
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Figure 10. Vector velocity and velocity magnitude for t = 3.50 s near the cylinder wall spanning approximately 30◦ to
70◦ and showing the presence of a clockwise rotating eddy between the 35◦ and 50◦ marks that is trapped by the large
downstream counterclockwise eddy

detected an unexpected counterclockwise eddy upstream of the large clockwise eddy, which was verified with
subsequent reinspection of the flow simulation.
While a single hair-cell sensor can indicate flow direction; as hair-cells are assembled into a large array,
a picture is painted from which we can observe detailed information on flow phenomena from measurements
at the wall. On the basis of the above results, a hair-cell array appears to be a promising choice for detection
of the boundary layer.

V.

Linear Algebraic Sensor Model

Linear control theory is well developed with many tests available to verify the stability, robustness, and
overall effectiveness of the controller. Although most fluid flows we wish to control are nonlinear, this does
not necessarily preclude the successful application of a linear control design. For example, linear optimal
control designs with linearized Navier-Stokes equations have been shown to successfully reduce wall shear in
a turbulent flow.13
In this section, we present a linear algebraic model of the hair-cell sensor array for application in linear
flow controllers. Our derivation of an algebraic sensor model for the hair-cell sensor begins by expressing the
¯ on the sensor, so that an equivalent
load intensity g(t, ξ) as a resultant drag force, Ft (t), acting at height ξ(t)
moment M (t) is produced at the base, as illustrated in Figure 11.

Figure 11. Load intensity, g(t, ξ), acting on left sensor causing moment, M (t), and equivalent point-load, Ft (t), acting
on the right sensor at the center of mass of g(t, ξ), ξ̄(t), to produce the equivalent moment M (t)
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Following the point-load representation in Figure 11, we compute the output M (t) as
¯
M (t) = Ft (t) ξ(t)

(11)

where Ft (t) is the total drag force acting on the sensor,
Z L
Ft (t) =
g(t, ξ) dξ

(12)

0

¯ is determined by the center of mass of the load intensity g(t, ξ) as,
and ξ(t)
RL
g(t, ξ) ξ dξ
¯
.
ξ(t) = R0 L
g(t, ξ) dξ
0
The substitution of (12) and (13) into (11) gives the following equation for moment
Z L
g(t, ξ) ξ dξ.
M (t) =

(13)

(14)

0

Recall the expression for g(t, ξ) (2), presented in Section II as
g(t, ξ) = sgn(un (t, ξ))

1
Cf (un ) ρa d un (t, ξ)2 .
2

(2)

where
ln Cf (un ) ≈ −0.67 ln Re` (un ) + 2.51

(3)

and

un (t, ξ) d
.
ν
When equations (2), (3), and (4) are combined, the sensor moment output M (t) may be written as
Z L
M (t) = 6.15 ρa d0.33 ν 0.67
sgn(un (t, ξ)) | un (t, ξ) |1.33 dξ.
Re` (un ) =

(4)

(15)

0

Note that the integrand appearing in (15) is nonlinear. To linearize (15), a least squares fit with a first-order
polynomial was performed for −0.0075 ≤ un (t, ξ) ≤ 0.0075 m/s to obtain the linear expression for moment
Z L
0.33 0.67
M (t) = 1.12 ρa d
ν
un (t, ξ) dξ.
(16)
0

The interval −0.0075 ≤ un (t, ξ) ≤ 0.0075 m/s was chosen through trial-and-error to give the most identical
results to the hair-cell sensor array simulation in Figure 9 of the previous section. To compute with (16),
the integral may be approximated with quadrature or some other numerical integration procedure. Here we
used the Riemann sum so that
N
X
M (t) =
ci un (t, ξi )
(17)
i=1

and
ci = 1.12 ρa d 0.33 ν 0.67 ξi ∆ξ

(18)

where ξi is the ith position along the sensor.
To assemble a linear algebraic model for an array of hair-cell sensors, equation (17) may be applied to
each sensor and assembled in matrix form as,
 1

un (t, ξ1 )


..


.


 

 1

c1,1 . . . c1,M
0
...
0
M1 (t)
 un (t, ξM ) 

 .   .


..  
..
..
 . = .

(19)
.
. 
.

 .   .
 N


MN (t)
0
...
0
cN,1 . . . cN,M 
 un (t, ξ1 ) 


..


.
uN
n (t, ξM )
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where Mi (t) is the moment output of the ith sensor, ci,j is the coefficient computed for ith sensor at ξj , and
uin (t, ξj ) is the normal velocity component acting on the ith sensor at the jth position.
Figure 12 is the sensor array response to the unsteady separating flow simulation computed with the
linear algebraic model (19). Here, we also limit the colorscale map of moment values to −6.0 × 10−8 ≤
−8
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Figure 12. Sensor array response computed with linear algebraic model

Figure 13. Sensor array response from finite element
simulation

M (t) ≤ 3.0 × 10−8 mN·mm. For comparison, the hair-cell array response described by partial differential
equation model (1) and presented in Section IV is reproduced to the right of the Figure 12. Based on the
similarity between Figures 12 and 13, the linear algebraic sensor model accurately captures the hair-cell
array input-output relationship of the finite-element simulations.
Future work will see the use of the above hair-cell model in model based flow-control designs with the
Navier-Stokes equations. In particular, linear quadratic Gaussian (LQG) and extended LQG observers will
be used estimate the flow field from the partial state information provided by a hair-cell array at the wall.

VI.

Summary

Biologists hypothesize that the thousands of hairs scattered across the bat wing is actually an air-flow
sensing network and part of a biological feedback flow control loop. Here, a simulation of a hair-cell sensor
array placed on a cylinder wall in an unsteady separating flow was performed.
Finite element simulations a 179 hair-cell array revealed features of the unsteady separating flow with
a surprising level of accuracy and detail. Observations between the output of the hair-cell array and the
flow simulation showed that the hair-cell array detected both the onset and span of reversed flow, the
movement of the point of zero wall shear, the downstream convection of an eddy, and the formation of a
small counterclockwise eddy upstream of the larger clockwise eddy. Additionally, a linear algebraic sensor
model was derived and shown to accurately reproduce the hair-cell array response from the finite element
simulations.
Future work will see the application of the linear hair-cell model to linear control designs with the
Navier-Stokes equations. In particular, linear quadratic gaussian (LQG) and extended LQG observers will
be constructed and the ability of a hair-cell array to estimate the flow features in the boundary layer from
limited velocity information at the wall will be investigated.
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